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A multi-target detection system XAX, comprising concentric 10 ton targets of 136 Xe and 
129 / 131 Xe, together with a geometrically similar or larger target of liquid Ar, is described. Each 
is configured as a two-phase scintillation/ionization TPC detector, enhanced by a full 47r array of 
ultra-low radioactivity Quartz Photon Intensifying Detectors (QUPIDs) replacing the conventional 
photomultipliers for detection of scintillation light. It is shown that background levels in XAX can 
be reduced to the level required for dark matter particle (WIMP) mass measurement at a 10 -10 
pb WIMP-nucleon cross section, with single-event sensitivity below 10~ 1 pb. The use of multiple 
target elements allows for confirmation of the A 2 dependence of a coherent cross section, and the 
different Xe isotopes provide information on the spin-dependence of the dark matter interaction. 
The event rates observed by Xe and Ar would modulate annually with opposite phases from each 
other for WIMP mass >~100 GeV/c 2 . The large target mass of 136 Xe and high degree of back- 
ground reduction allow neutrinoless double beta decay to be observed with lifetimes of 10 27 -10 28 
years, corresponding to the Majorana neutrino mass range 0.01-0.1 eV, the most likely range from 
observed neutrino mass differences. The use of a 136 Ae-depleted 129/131 Xe target will also allow 
measurement of the pp solar neutrino spectrum to a precision of 1-2%. 



1. OVERALL DESCRIPTION OF DETECTION 
SYSTEM 

This paper investigates the properties of the proposed 
multi-ton detector XAX 1 comprised of three noble liquid 
targets. XAX is designed to detect nuclear recoils from 
dark matter, events from neutrinoless double beta de- 
cay, and pp solar neutrino scattering events. The target 
materials are: 

Target 1: Liquid Xenon depleted in 136 Xe (enriched in 

129/131 Xe) for . 

(i) dark matter interactions with nuclei of non-zero 
spin. 

(ii) pp solar neutrino interactions (via v e scattering). 
Target 2: Liquid Xenon enriched in 13e Xe for: 

(i) dark matter interactions with zero-spin nuclei. 

(ii) neutrinoless double beta decay. 

Target 3: Liquid Argon depleted in 39 Ar (or optionally 
liquid Neon) for: 

(i) comparison of dark matter interactions in Xenon 
with lower- A dark matter target. 

(ii) additional pp solar neutrino target (in the case of 
Ne). 

A possible configuration is sketched in Fig 1, consisting 
of two cylindrical, active target volumes of 2 m diameter 



Acronym for " 129 / 131 Xenon — Argon — 136 Xenon" , pronounced 
"ZAX" 




FIG. 1: Conceptual view of XAX detector layout. 



and 2 m height: (a) 10 tons liquid 129 / 131 Xe, surrounding 
10 tons of liquid Xe enriched in 136 Xe, and (b) 10 tons 
(or larger) liquid Ar in a separate vessel. Two cryostats 
are located within a single shielding enclosure which pro- 
vides purified water shielding thicker than 4 meters in all 
directions. Events in the water are separately monitored 
by photomultipliers to provide an active Cerenkov veto 
against the residual underground muon flux. 

The expected energy spectra for the three scientific 
objectives (dark matter, double beta decay and pp so- 
lar neutrinos) are shown in Fig 2. For simplicity, nat- 
ural Xe is assumed here as a target material. In addi- 
tion, 100 GeV/c 2 , 1 and 10 TeV/c 2 WIMP masses with 
10~ 8 pb (= 10~ 44 cm 2 ) of nuclear cross section and two- 
neutrino/neutrinoless double beta decays with life times 
of 10 22 /10 27 years are assumed and plotted together with 
pp/ 7 Be/ 8 B solar neutrino spectra. 
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FIG. 2: Expected energy spectrums of WIMPs, solar neutrinos, and double beta decays in case of natural Xe as a target 
material. 100 GeV/c 2 , 1 and 10 TeV/c 2 WIMP masses of WIMP with 10~ 8 pb nuclear cross section; 2v(5j3 /Qv(5j3 with life times 
of 10 22 /10 27 years are assumed. The observed energy is smeared out assuming a resolution of a = . =. 

' J bJ b y/E(MeV) 



Detection of dark matter events is based on the well- 
established two-phase TPC (Time Projection Chamber) , 
giving both primary (SI) and secondary (S2) scintilla- 
tion signals for each event, from which nuclear recoils 
can be discriminated from gamma background with less 
than 1% overlap [TJ[11|5]- This method currently reaches 
a sensitivity of < 1CP 7 pb as shown in Fig 7. The pur- 
pose of this paper is to demonstrate that a factor of 1000 
improvement on the existing WIMP sensitivity can be 
achieved in XAX by the use of larger target masses with 
improved self-shielding and a new ultra-low background 
photon detection device QUPID surrounding each target 
volume in a 47r array for position sensitivity. The same 
scintillation photon detection system will also be capable 
of recording events at 2479 keV from neutrinoless double 
beta decay in 136 Xe, as well as the spectrum of 0-250 
keV electron recoils from pp solar neutrino scattering in 
Xe. 

The basic detection principles of the double phase TPC 
have been fully demonstrated on a smaller scale in pre- 
vious/ongoing projects with both Xe [I] and Ar [5]. In 
this paper we describe, for each type of signal, how back- 
grounds can be reduced in much larger target masses to 
the new low levels needed. The most important problem, 
common to the noble liquid detectors, is the reduction of 
gamma and neutron backgrounds from the photodetector 
array. To achieve this, we are developing a new device - a 
Quartz Photon Intensifying Detector, or QUPID, which 
we anticipate will have a U/Th impurity level (and hence 
gamma and neutron emission) a factor of ~ 100 lower 



than that of the current best low-radioactive photomul- 
tipliers. 

In addition to the ionization/scintillation signal dis- 
crimination provided by a double phase TPC, the Ar- 
gon portion of the detector will also employ pulse shape 
discrimination in order to improve the efficiency of de- 
termining nuclear recoils versus 39 Ar beta decay events. 
The difference between the two is based upon the singlet 
and triplet dimer states of liquid Argon, each of which 
has a unique lifetime. Thus, the timing information of 
the pulse provides a method for identifying nuclear and 
electronic events. Further information can be found in 
®. 

2. CONCEPTUAL DETECTOR DESIGN 

A conceptual detector design of a single vessel is shown 
in Fig 3 with a 47r photodetector array. A large transpar- 
ent vessel for the active target material (as well as a cylin- 
drical container for 136 Xe) is made from low-radioactive 
Acrylic, similar to the heavy- water Acrylic vessel devel- 
oped by SNO [7]. The internal wall is painted with a 
Wave Length Shifter (WLS, such as TPB) to convert the 
UV scintillation photons to visible light, similar to the 
technique developed by WARP [8 and DEAP/CLEAN 
[9]. Furthermore, to provide uniform vertical electric 
fields for drifting ionized electrons upwards, the inter- 
nal cylindrical walls are either painted by a transparent 
resistive layer, such as ATO (Antimony-Tin-Oxide) as 
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FIG. 3: A cross-sectional view of one of the XAX detectors, 
showing a double-layer copper cryostat, which contains noble 
liquid (Xe, Ar or optionally Ne), surrounded by a ~10 cm- 
thick acrylic vessel (with TPB coating) and closely packed 
3950 units of 3 inch diameter QUPIDs. 



FIG. 4: Simulation of electric field lines created by a current 
through the transparent resistive layer to drift electrons in liq- 
uid Xe/Ar vertically to the Xe/Ar gas. Application of a con- 
stant current along the side wall produces an extremely uni- 
form potential gradient, creating perfectly horizontal equipo- 
tential planes. 



in Fig 4, or coated by field shaping electrodes created by 
fine aluminium patterns. The inner surface of the bottom 
plate of the Acrylic vessels is painted with a combination 
of WLS and a thin transparent conducting layer, such as 
ITO (Indium-Tin-Oxide) or Platinum coating. 

The outside of the Acrylic vessel is completely sur- 
rounded by a closely-spaced 47r array of low background 
photo detectors (QUPIDs). This 47r arrangement not 
only provides high detection efficiency of primary scin- 
tillation light (SI), but also measures its position with 
an accuracy of 10-20% of the detector diameter, giving 
a 3-D position sensitivity better than 1% of the detector 
volume. From this point of view, XAX takes full advan- 
tage of conventional single-phase detectors with 4-7T ge- 
ometry (such as XMASS [E] and DEAP/CLEAN [IT]) 
in terms of SI signal detection. In the case of XAX, 
however, the benefits of double-phase detectors are also 
realized. S2 signals, obtained from the TPC operation, 
can provide 3-D position reconstruction accurately, as is 
the case in conventional double-phase detectors (such as 
ZEPLIN-II p, XENON10 0, and WARP [JJ]). What 
makes XAX unique is the possibility to impose 4-D (posi- 
tion and time) coincidence between the SI and S2 signals 
for additional reduction of background. 

The whole structure is housed in a double-layer vac- 
uum cryostat made of a low radioactive metal such 
as OFHC (Oxygen-Free High Conductivity) Copper as 
shown in Fig 3. It is then immersed in a large water 
tank as shown in Fig 1. 



3. LOW BACKGROUND LIGHT DETECTION - 
QUPID 

Existing dark matter detectors using liquid Xe or liquid 
Ar can remove most gamma and neutron backgrounds 
through shielding and veto techniques, but a residual 
background remains, in particular from photomultipliers, 
which are located close to the target. This background 
arises principally from U and Th impurities in the photo- 
multiplier components, giving both a gamma background 
directly from decay of the U/Th chains, and a neutron 
background from alpha-n production. Over the past 10 
years, improvements in radiopurity have reduced these 
by two orders of magnitude to the level of 2 x 10 3 gam- 
mas/day and 2 x 10~ 3 neutrons/day per 5 cm PMT such 
as Hamamatsu R8778 [3]. 

To further reduce background by another factor of 100 
(paving the way for the ultra-low background 47r arrays 
of photon detectors required for XAX), a design for an 
all-quartz Hybrid Avalanche Photodiode (HAPD), called 
the QUPID (Quartz Photon Intensifying Detector) has 
been proposed by K. Arisaka and H. Wang. Advantages 
of the HAPD over a conventional photomultiplier are 
summarized in [13] and technical details of the QUPID 
can be found elsewhere [13]. Briefly, the key features of 
the QUPID are shown in Fig 5. The whole structure 
is made by ultra-pure synthetic fused silica except for 
the very small avalanche photodiode (APD) at the cen- 
ter and its readout leads. Photoelectrons are emitted 
by the hemispherical photocathode and accelerated by 



4 




FIG. 5: (a) 3D cut-view of a 3 inch diameter QUPID, (b) simulated electric field lines and electron trajectories. -10 kV is 
supplied on the photocathode and photoelectrons are focused onto the center of the APD which is set to a ground level. 



10 kV to the APD, producing ~ 2,000 secondary elec- 
trons per photoelectron by direct bombardment, which 
are then avalanched within the APD by a further factor 
~ 30, giving a total gain of ~ 60,000. The electron tra- 
jectory simulation in Fig 5(b) shows that photoelectrons 
are well- focused towards the central region of the APD. 

The unit, currently being developed by UCLA and 
Hamamatsu Photonics (Hamamatsu, Japan), has an out- 
side diameter of 70 mm, with a photocathode diameter 
of 65 mm. This all-quartz design should achieve no more 
than 10-100 emitted gammas and 0.01 - 0.1 emitted neu- 
trons/year from each individual QUPID. Note that no re- 
sistor/capacitor chain is required, so additional radioac- 
tivity from these components is eliminated. The quan- 
tum efficiency is expected to be 30-35% (at 170-450 nm 
wavelength), with an anticipated yield of approximately 
4 photoelectrons/keV for a Air array surrounding a 2 m 
diameter detector volume. To ensure good photocathode 
dynamic range with superior linearity at the low temper- 
ature of liquid Ar and Ne, a special photocathode ma- 
terial is being developed by Hamamatsu Photonics and 
applied to the QUPID. Combined with this new photo- 
cathode, the intrinsically superior dynamic range of the 
HAPD permits an extremely wide range of signal detec- 
tion from ~ 5 keV dark matter signals to 2.5 MeV double 
beta decay signals. 



4. GALACTIC DARK MATTER (WIMP) 
DETECTION 

The experimental requirements for galactic particle 
dark matter detection and identification follow from the 
expected differential energy spectrum of dark matter 
(WIMP) interactions with nuclei. Direct search experi- 
ments are based on the assumption of a local mass density 
0.3 GeV/cm 3 of hypothetical neutral particles of mass 



Md GeV and an average velocity Vq — 220km • s _1 . 
If dark matter particles are incident on a nucleus of 
atomic number A, producing a recoil energy Er keV, 
the differential energy spectrum of the event rate R 
(events/kg/day) is given by [TS] 
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where E = 0.5M D ^ keV, r 

0.932A, and F 2 is a nuclear form factor correction dis- 
cussed in |15j . The numerical constants c\ and Ci de- 
pend on the motion of the Earth-Sun system through the 
Galaxy; for a detector at rest with respect to an isotropic 
dark matter flux, C\ = c% = 1, whereas motion through 
the Galaxy gives fitted values c\ — 0.75, c-i — 0.56, with 
a small modulation tabulated in [15]. Fig 6 shows the 
energy spectra derived from this formula for several tar- 
get materials being considered for WIMP search. Here, 
a cross section of 10~ 8 pb is assumed for five target ele- 
ments: liquid 132 Xe, 40 Ar, and 20 Ne (proposed in XAX), 
and solid 73 Ge and 28 Si. 

From Equation (1) the experimental measurement of, 
or limits on, the differential rate gives a value of, or 
limit on, the quantity Rq , which is defined as the total 
rate for a stationary Earth. This is related to the total 
nuclear cross section ovjpb] by 



Rq _ Dva 
r HA 2 



(2) 



where ha = 



Mr, Mr 



is the reduced mass of the collid- 



Mo+M T 

ing particles and D is a numerical factor equal to 94.3 for 
an assumed dark matter density of 0.3 GeV /cm 3 [T5] . 
Final limits are expressed in terms of the WIMP- nu- 
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FIG. 6: Differential energy spectra of various target masses 
assuming a WIMP mass of 100 GeV. At lower recoil ener- 
gies, Xenon is the preferred detection target because of its 
increased event rate. 



cleon cross section <7w-jv[pb] given by 
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where \i\ (~ 0.92 GeV) is the reduced mass for A = 1 
and Mq > 50 GeV. The coherence factor A 2 applies in 
the (expected) case of a predominantly spin-independent 
interaction, but would be absent in the case of an inter- 
action only with a nucleon of unpaired spin. 

To demonstrate the possibilities in a more quantitative 
way, MC simulations have been performed and yielded 
the results shown below. 



A. Discovery potential 

With the improvements in background reduction pos- 
sible with the XAX system, dark matter sensitivity down 
to 10~ n pb (= 10~ 47 cm 2 ) is attainable (shown in Fig 7). 
This should be compared with the current cross section 
limits (2008) at the level 10~ 7 - 10~ 8 pb [HE], and theo- 
retical expectations (from supersymmetry theory) extend 
to the level lO" 10 pb and below [16] . Thus, XAX could 
cover the most favored phase space predicted by super- 
symmetry models, if the neutralino is indeed the dark 
matter particle. 

The order of magnitude difference in sensitivity be- 
tween the Xe and Ar curves, shown in Fig 7, is princi- 
pally the A 2 coherence factor in the WIMP mass range 
above 100 GeV/c 2 . However, below 100 GeV/c 2 , an even 
larger loss of sensitivity in Ar arises from its higher en- 
ergy threshold (~30 keV) coming from large photoclcc- 
tron statistics required by pulse discrimination. To com- 
pensate for such an effect, it would be beneficial to make 
the Ar detector an order of magnitude larger than the Xe 



detector in XAX, resulting in a total mass of 100 tons. 
Such enlargement may be feasible since Ar is several or- 
ders of magnitude less expensive than Xe. 



B. Confirmation of A dependence of cross section 

Considerable effort will be made to eliminate back- 
ground events which imitate recoils from dark matter: for 
example neutron scattering, radon decay nucleus recoils, 
or spurious data events. However, unambiguous signal 
identification can be achieved only by candidate signals 
from targets of differing A, using the A 2 dependence in 
Equation (3). By using liquid Ar as a second target ma- 
terial, the event rate (events/kg/day) will be reduced by 
an order of magnitude as shown in Fig 7. For identifi- 
cation purposes, it is sufficient that the target masses of 
Xe and Ar are similar (eg 10 tons each), though a larger 
mass of Ar would provide an event rate large enough for 
an independent calculation of the WIMP mass. A further 
option is to replace the Ar with Ne for additional confir- 
mation of the A 2 effect (and to provide an additional pp 
solar neutrino target, see §7). One should note however 
that in the case of liquid Ne, double phase operation is 
not feasible because of the slow electron drift velocity. 



C. Determination of WIMP mass and nuclear 
cross section 

The cross section, predicted by the so-called focus 
point in minimal supersymmetry, is of order 10 -8 pb |16j . 
Therefore, it is not unreasonable to assume this order of 
cross section. If so, 100-1000 events can be detected by 
10 ton-years of XAX operation, in particular, by the Xe 
target. Taking this high statistics observation, from the 
shape of the energy spectrum, the WIMP mass can be 
deduced directly. 

Fig 8 shows la and 2tr uncertainties in determining 
WIMP mass and cross-section with the Xe target in XAX 
in 10 ton-years of data taking, assuming (a) 10 -8 pb and 
(b) 10~ 9 pb. Above 100 GeV/c 2 WIMP mass, there is a 
degeneracy between the mass and cross section, resulting 
in the 45° slope in this figure. 



D. Investigating spin-dependence 

Based on the hypothesis that the dark matter particle 
is the lightest particle of supersymmetry theory, its in- 
teraction may be a combination of spin-dependence and 
spin-independence, but the latter is always likely to dom- 
inate the cross section because of the multiplying factor 
A 2 . Nevertheless there is interest in setting limits sepa- 
rately for spin-dependent and spin-independent interac- 
tions. In the case of Xe this can be done by separating 
those isotopes with spin from those without spin. For ex- 
ample, natural Xe is 48% odd- A isotopes with spin 3/2 
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FIG. 7: 90% Confidence Limit of WIMP-Nucleon cross section expected from Xe and Ar detectors with one year data taking. 
As a reference, the current best limits set by XENON10 and CDMS-II are plotted together. 




FIG. 8: la and 2a uncertainties in determining WIMP mass and cross-section by Xe target in XAX in 10 ton-years of data 
taking. WIMP masses 20, 50, 100, 200, 500 GeV, and cross sections of (a) 10" 8 pb, (b) 10" 9 pb are assumed. Above 100 
GeV/c 2 WIMP mass, there is degeneracy between mass and cross section, resulting in the 45° slope in this figure. 



or 1/2 ( 129 Xe: 26.4%, 131 Xe: 21.2%), and 52% even- 
A isotopes with spin ( 132 Ae: 26.9%, 134 Xe: 10.5%, 
136 Xe: 8.9%). For a target enriched in the isotopes 132 
and above, one could obtain a target consisting domi- 
nantly of spin zero nuclei. An important special case is 



to enrich specifically 136 Xe, which is a candidate for neu- 
trinoless double beta decay, one of the three objectives 
of the XAX project. This target isotope thus has the 
potential to provide not only a 0V/3/3 signal, but also a 
dark matter signal for a spin-zero nucleus. This signal 
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FIG. 9: (a) June and December dark matter energy spectra plotted in a dimensionless form. The curves cross at approximately 
a recoil energy Er ~ 0.78-Eo?* so that for data to the left of this point the annual modulation is reversed, (b) Normalized 
summer/winter difference as a function of particle mass, for both Ar and Xe targets, with ±la errors for a 10 ton-year running 
period assuming a cross section of 10 -8 pb. 



will be compared with the signal rate from a Xe target 
depleted in isotopes >132 in order to search for any rate 
difference related to the nuclear spin. 



E. Observation of annual modulation 

The annual modulation effect (arising from the Earth's 
orbital motion superimposed on the Sun's galactic mo- 
tion) can in principle prove the signal to be correlated 
with motion in the Galaxy. This requires stable opera- 
tion over a period of years, together with full shielding of 
varying neutron and radon backgrounds. The difference 
in total rate between June and December would be no 
more than 4%, but taking into account the variation in 
energy spectrum, a combined parameter would vary by 
up to 18% QU. 

Fig 9(a) shows the June and December dark matter en- 
ergy spectra plotted in a dimensionless form. The curves 
cross at approximately a recoil energy En ~ 0.78EqT so 
that for data to the left of this point the annual modula- 
tion is reversed. For a particle mass ~100 GeV, the cross 
over point occurs at a recoil energy ~ 8 keV for an Ar 
target, and ~ 32 keV for a Xe target. As a result, the 
majority of experimental data for Ar will be to the right 
of the crossover, and the majority of experimental data 
for Xe will be to the left of the crossover, as indicated 
by the ranges shown on Fig 9(b). The sign of the annual 
modulation will then be opposite for the majority of Xe 
data to that of the majority of Ar data. Thus extended 
operation of both Xe and Ar targets, and observation of 
both signs, would provide an interesting cross check on 
the annual modulation expectations, and an additional 
estimate of the dark matter particle mass. 

Fig 9(b) shows the normalized summer/winter differ- 



ence as a function of particle mass for both Ar and Xe 
targets, together with ±ler errors for a 10 ton-year run- 
ning period assuming a cross section of 10~ 8 pb. The 
data energy range used is that which is currently typical 
for the two target materials. The plots show the feasibil- 
ity of estimating particle mass from the summer-winter 
event rates, and also the expected sign reversal above 
100 GeV mass for the typical energy range of Ar data. It 
remains the case that with either target, one would see 
both signs of summer-winter difference in an experiment 
capable of covering the full energy range, as is clear from 
Fig 9(a). 

To observe a statistically significant effect over 2 years, 
we would need observation of a total of 800 events, or 
400/year, which requires a total of 20 tons liquid Xe at 
a 10 -10 pb signal strength, or 2 tons at 10 -9 pb. 

5. BACKGROUND ESTIMATE 

To achieve a reasonable event rate at WIMP interac- 
tion cross sections down to < 1 x 10~ 10 pb, the target 
mass has to be increased to the 10 ton scale proposed 
here, three orders of magnitude larger than the ~ 10 kg 
scale of today's experiments. At the same time, the back- 
ground rate/kg/day has to be reduced by a factor of 1000 
to match the factor of 1000 lower signal rate. There are 
four major classes of backgrounds to be considered: 

(a) radiation from photon detectors (primarily from 
U/Th decay chains). 

(b) pp solar neutrinos. 

(c) impurities in the noble liquid such as Kr and Rn, or 
internal radioactivity such as 39 Ar (in case of Ar) or 
136 Xe (in case of Xe, due to two-neutrino double beta 
decays) . 
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(d) radiation from outside the detector, such as low en- 
ergy gammas/neutrons from shielding materials and 
rocks, and high energy gammas/neutrons induced by 
cosmic ray muon interaction in rocks. 

In the following section, it is shown that the back- 
ground level can be reduced by more than a factor of 
1,000, to the level of < 0.1 event per 10 ton-years, by 
combining (a) an ultra-low radiation photon detector, 
QUPID, (b) a 10 cm-thick active self-shielding cut by 
Liquid Xe/Ar, (c) a so-called S2/S1 cut for electromag- 
netic backgrounds (i.e. gamma rays and electrons), and 
(d) a multiple scattering cut in particular to reject neu- 
trons. 



A. Radiation from photon detectors 

1. Gamma backgrounds 

The pair of signals in a two-phase noble liquid TPC, 
referred to as SI (direct scintillation in liquid) and S2 
(proportional scintillation from the ionization avalanche 
in gas), currently produces a gamma rejection factor of 
greater than a hundred (at 50% nuclear recoil efficiency) 

As stated in §3, the most difficult gamma background 
to remove is that from U/Th in the nearby photodetec- 
tors. For conventional PMTs such as the Hamamatsu 
R8778, estimated target rates in the dark matter energy 
range are ^10/kg/day for a 10 ton detector array. This 
reduces to ~ 10~ 3 /kg/day after a multiple scattering 
cut (since the weakly interacting WIMPs can scatter only 
once in this volume) and a 10 cm layer of self-shielding; 
the background reduces by an additional factor of 100 
from an S2/S1 cut to ~ 10~ 5 /kg/day, just achieving 
the background level for detection of a 10 -10 pb WIMP- 
nucleon cross section, but still masking a signal at 10~ n 
pb. 

The development of QUPIDs would gain a factor of 
100 in reduction of gamma emission, and thus guarantee 
achievement of the backgrounds needed for measuring a 
signal at 10~ 10 - 10" 11 pb WIMP-nucleon cross section. 
To further investigate the effectiveness of QUPIDs, ex- 
tensive GEANT4 simulation has been performed, assum- 
ing conservative radioactivity of 1 mBq per QUPID and 
natural Xe. The obtained energy spectra from gamma 
ray interaction in the fiducial region of liquid Xe are plot- 
ted in Fig 10. Here the self-shielding cuts of cm, 5 cm 
and 10 cm are applied after a multi-scattering cut and an 
S2/S1 cut (which is assumed have a rejection efficiency of 
99%). Once the 10 cm self-shielding cut is applied, the 
gamma ray background from QUPID is reduced down 
to 10 -8 events/keV/kg/day, which is far below the level 
of pp solar neutrinos (the pp solar neutrino spectrum, 
which would become a dominant background at lower 
cross section levels, will be described later). 



2. Neutron backgrounds 

To observe a positive signal at the 10~ 10 pb level, we 
require the neutron background to be reduced to at least 
an order of magnitude below the signal level (i.e. to 
< 10 -5 events/kg/day). 

The major neutron background arises from U/Th in 
photodetectors and detector vessels through alpha-n pro- 
duction. Simulations based on the activity in R8778 
PMTs and assuming O.lppb U/Th in nearby materials 
give neutron background rates in the region 10 _4 /kg/day 
[TB"] , but this is reduced by a factor of 100 after a multiple 
scattering cut and a 10 cm outer layer of self-shielding in 
the target. As discussed in §3, a further factor of 100 
decrease in photodetector activity would result from the 
use of QUPIDs in place of PMTs. Thus the neutron 
background is reducible to well below the level required 
for the detection of events at 10~ 10 to 10~ n pb WIMP- 
nucleon cross section. 

Again, to investigate the effectiveness of QUPIDs, ex- 
tensive GEANT4 simulations for neutron interactions 
have been performed, assuming radioactivity of 1 mBq 
of U/Th per QUPID. The obtained energy spectra from 
neutron interaction in the fiducial region of Liquid Xe are 
plotted in Fig 11. Here the self-shielding cuts of cm, 10 
cm, 20 cm, and 30 cm are applied after a multi-scattering 
cut. Once the 10 cm self-shielding cut is applied, the 
neutron backgound from QUPIDs becomes below 10~ 8 
events/keV/kg/day, which is completely negligible. 

Lastly, to illustrate the effectiveness of active self- 
shielding more graphically, interaction points of gamma 
ray and neutron backgrounds from QUPIDs are plotted 
in Fig 12 for a 2 m diameter and 2 m high target volume. 
All the plots are made by GEANT4 after imposing the 
energy window of the WIMP signal range, corresponding 
to 100-year-long data taking. 

Fig 12(a) shows the gamma backgrounds from U/Th 
decays after a multiple scattering cut and an S2/S1 cut 
in the case of Xe. Figs 12(b) and 12(c) show the neutron 
background from U/Th decays after a multiple scattering 
cut in the cases of Xe and Ar respectively. Remarkably, 
once the self shielding cut of ~10 cm thickness is imposed, 
there would be only a few background events even for 
100-year-long data taking. More quantitative analysis of 
the effectiveness of self shielding will be summarized at 
the end of the background section. 



B. Solar neutrino background 

The pp solar neutrino background (from i/-e scatter- 
ing) below 20 keV electron-equivalent energy is constant 
at 10~ 5 events/keV/kg/day. This is an irreducible back- 
ground. However, because this is an electron recoil back- 
ground in the SI channel, it can be reduced by a factor 
of 100 from S2/S1 discrimination to the level of 10~ 7 
events/keV/kg/day (as shown in Fig 10), or 5 events/10- 
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FIG. 10: Expected energy spectrum of WIMP interactions, solar neutrinos, double beta decays, and gamma ray backgrounds 
from QUPID as a function of self-shielding cuts. Natural Xe is assumed and both the S2/S1 cut and the multi-scattering cut 
have been applied in advance. Note that the unit of energy in this figure is keVee (= electron equivalent energy). 




FIG. 11: Expected energy spectrum of WIMP, and neutron backgrounds from QUPID as a function of self-shielding cuts. 
Natural Xe is assumed and the multi-scattering cut has been applied in advance. Note that unit of energy in this figure is keVr 
(= nuclear recoil energy). 
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FIG. 12: Distribution of gamma ray and neutron backgrounds in 2 m diameter and 2 m high target volume, (a) 100 years 
worth of gamma single scatter background events after an S2/S1 cut in the case of Xe. (b) 100 years worth of neutron single 
scatter background events in the case of Xe. (c) The same neutron background as in (b) except for Ar. 



ton/year. This is a factor of two below the sensitivity cor- 
responding to 10~ u pb WIMP-nucleon cross section, but 
would preclude observation of cross sections any lower 
than that, except by subtraction and/or by improved 
S2/S1 discrimination (whose electric field-dependence is 
still under investigation). On the other hand, above 100 
keV this background becomes observable in the SI chan- 
nel as a clear signal, which can be used by XAX to mea- 
sure accurately the solar pp neutrino flux, as discussed 
below in §7. 



C. Impurity or internal radioactivity of the noble 
liquid targets 

1. Kr background in Xe 

Kr is present as an impurity in commercial Xe, with 
typically 50 ppb. This Kr contains ~ 10~ n cosmogenic 
S5 Kr, which emits a continuous beta decay spectrum 
with a maximum energy of 690 keV and a 10- year half- 
life. This would contribute a low energy beta background 
of ~1 event/keV/kg/day to the gamma population lim- 
iting the dark matter sensitivity to 10 -8 pb. The need 
to remove this, to reach lower cross sections, has led to 
the development of reflux distillation columns which will 
reduce the level of Kr in Xe by a factor of 1000 per pass 
[iniUnj- Thus, using several passes, it will be possible to 



reduce the 85 Kr content to a negligible level. 



2. Rn background in Xe or Ar 

Radon has a lifetime of ^4 days, and hence does not 
survive in the stored xenon gas, but can cause back- 
ground problems in the Xe detectors [TJ [21 13] by con- 
taminating the target or gas systems during assembly 
and transferring through deposition of its decay products 
( 218 Po, 214 Po) on the detector walls where they further 
decay by alpha emission. The alphas themselves arc in 
the MeV range, and hence do not result in low energy 
events if emitted into the liquid, but if emitted into the 
wall, the nucleus recoils into the liquid with (by momen- 
tum conservation) < 100 keV recoil energy and thus can 
produce a signal similar to that of a recoil Xe nucleus. 
These events can be eliminated from the data set by us- 
ing the S2 position sensitivity to make a radial cut, but 
this cut removes a significant fraction of the target mass. 
The future solution must be to prevent radon from con- 
taminating the target system, and work is in progress 
to understand this problem and develop procedures to 
eliminate it. 
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3. Ar background in Ar 

In the case of the Ar target, natural (atmospheric) 
i0 Ar contains a fraction ~ 10~ 15 of cosmogenically- 
produced 39 Ar, which beta decays with a half life of 269 
years and a continuous spectrum with maximum energy 
570 keV, giving a total background rate ~1.2/kg/s, and a 
low energy differential rate ~ 3 x 10 2 /kg/day/keV. This 
is too high a starting point for the two-phase discrimina- 
tion technique alone, and can also produce pile-up in the 
data acquisition system. 

The WARP collaboration [3 has shown that pulse 
shape discrimination can be used to separate the nu- 
clear recoil population from electron/gamma background 
above a nuclear recoil energy threshold —30 keV. This 
makes it difficult to achieve a low energy threshold for 
liquid Ar, although there are prospects for obtaining Ar 
gas depleted in 39 Ar by at least a factor of 20 from an 
underground source [21 , which could then be further re- 
duced by mechanical or plasma centrifuging. Without 
isotope separation, 39 Ar would produce a 1 kHz/ ton ac- 
cidental trigger rate. Considering that the S1-S2 time 
difference would be ~1 ms for a multi-ton detector, such 
a large Ar detector could no longer tolerate the 39 Ar de- 
cay rate. However in the case of XAX, there is the addi- 
tional feature of the 1% volume position resolution of SI 
allowed by the 4tt QUPID array, which permits rejection 
of all events that do not correspond to a position coinci- 
dence of SI and S2 within the same 1% of the detector 
volume. This effectively reduces the accidental triggers 
caused by an 39 Ar background by a factor of 100, allow- 
ing the XAX detector to function even in the presence of 
39 Ar background higher than 1 kHz. 



D. Radiation from outside of the detector 

1, Gamma rays 

Unshielded gamma rates, due to U/Th/K in the rock, 
are in the range 10 5 - 10 6 gammas/day/kg target, de- 
pending on the type of rock and level of contamination. 
Assuming the higher number, a 4 m thick water shield 
reduces this to 0.1 gammas/kg/day in the Xe target. Re- 
jection by multiple scattering, combined with a 10 cm 
self-shielding layer (which attenuates by a factor 10 per 
5 cm), further reduces this to 10 -4 gammas/kg/day in 
the 2-20 keV electron equivalent energy range, which is 
then reduced by a factor of 100 discrimination via the 
S2/S1 cut to 10 -6 gammas/kg/day, an order of mag- 
nitude below the 10 -5 gammas/kg/day background re- 
quired, from Equation (3), for measurement of a 10~ 10 
to 10~ n pb WIMP-nucleon cross section. The above cal- 
culation makes use of the powerful self-shielding effect in 
the high density, high-Z, Xe target, which reduces the 
low energy gamma flux by one order of magnitude for 
each 5 cm thickness. 



2. Neutrons 

Neutrons produced from rock muons (by spallation and 
absorption) and U/Th (alpha-n) can be fully absorbed by 
the proposed 4 m water shield thickness, or by a combi- 
nation of an inner water or hydrocarbon shield and an 
outer iron shield [TH] . Muons closer to the detector would 
be rejected by a PMT Cerenkov veto around the water 
shield. 



E. Summary 

In summary, the above calculations and simulations 
show that the proposed XAX detector system could be 
constructed with sufficiently low residual background and 
signal identification to observe dark matter events at the 
rate —100 events/year for WIMP cross sections — 10~ 10 
pb (for WIMP mass of -100 GeV/c 2 ). It would also 
have sufficient sensitivity for the significant detection of 
a signal an order of magnitude lower at — 10" 11 pb. 

Fig 13(a) is the summary of the expected background 
from three major backgound sources: gamma rays from 
QUPIDs, neutrons from QUPIDs, and solar neutrinos. 
Here the expected number of backgrounds in the WIMP 
signal range (3-15 keVee) is plotted as a function of active 
shielding cut (from the wall) for 10 ton-years (fiducial) of 
XAX data taking in the case of natural Xenon. Once a 
cut larger than 10 cm is performed, all the backgrounds 
from radioactivity disappear, except the pp-chain solar 
neutrino, which remains as an irreducible background at 
a level of 5 events/10-ton/year. Fig 13(b) shows the ex- 
pected number of WIMP signals for 10 ton-years as a 
function of WIMP mass and cross section. If the cross 
section is — 10 -11 pb, —10 events are expected for a 
WIMP mass of 30-100 GeV/c 2 , which is above the ex- 
pected 5 events from the pp solar neutrino background. 

Clearly this unprecedented sensitivity can be achieved 
only by combining (l)ultra-low radiation QUPIDs, (2)an 
S2/S1 cut, (3) a multi-scattering cut and (4) a 10 cm thick 
self-shielding cut. It is this combination that makes the 
XAX detector so unique. 

6. NEUTRINOLESS DOUBLE BETA DECAY 

The measurement of neutrino mixing, and hence non- 
zero mass, in large scale solar and atmospheric neutrino 
experiments, has provided the first indication of the neu- 
trino mass scale, and increased the urgency of establish- 
ing whether neutrinos are Dirac or Majorana particles. 
If neutrinos and antineutrinos are equivalent, then nuclei 
that undergo two-neutrino double beta decay must also 
show neutrinoless double beta decay, with the two elec- 
trons being emitted with a constant total energy. The 
rate for this process is a function of nuclear matrix ele- 
ments multiplied by the square of a Majorana mass pa- 
rameter m„, a linear combination of the neutrino mass 
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FIG. 13: (a) Expected number of backgrounds in WIMP signal range (3-15 keVee) as a function of active shielding cut (from the 
wall) for 10 ton-years (fiducial) of XAX data taking in the case of natural Xenon. Once a cut larger than 10 cm is performed, all 
the backgrounds from radioactivity disappear, except the pp-chain solar neutrino, which remains as an irreducible background 
at a level of 5 events/10-ton/year. (b) Expected number of WIMP signals as a function of WIMP mass. 



eigenstates [22 . For the latest measured mixing angles, 
m v will be in the range 0.01 - 0.1 eV for the normally 
ordered neutrino mass hierarchy, and 0.03 - 0.1 eV for 
the inverted mass hierarchy, corresponding to Qv(3[3 de- 
cay lifetimes of 10 27 - 10 28 years [22]. This sets, for the 
first time, a clearly defined lifetime scale for which ex- 
periments can anticipate a non-zero signal. 

Previous experiments have set lower lifetime limits 
~ 10 24 - 10 25 years for 0v(3[3 decay, corresponding to 
upper limits of 0.3 - leV for the Majorana mass parame- 
ter m u . From the above estimates of the range of m„, it 
is clear that 2-3 orders of magnitude improvement in the 
lifetime sensitivity is needed, with the strong likelihood 
of a positive observation at the 10 27 - 10 28 year level. Ob- 
servation of ncutrinolcss double beta decay would repre- 
sent a major step forward in neutrino physics, and would 
provide: 

(a) the first demonstration that neutrinos are Majorana 
in nature 

(b) the first measurement of an absolute (rather than rel- 
ative) mass scale for neutrinos 

(c) further light on the close relationship between quark 
and lepton families 

For noble gas targets, the principal double beta de- 
cay isotope is 136 Xe, with the neutrinoless mode at 2479 



keV. In XAX, we propose to improve the 0v{3(3 lifetime 
sensitivity to 10 27 - 10 28 years, reaching the Majorana 
mass range vn v ~0.01 - 0.1 eV through a combination 
of a larger target mass and lower background than in 
any previous experiments. In XAX, this appears possi- 
ble without needing to detect the resulting Ba nucleus, 
as proposed by the EXO project [25] . 

A major advantage of combining Qv[3f3 and dark mat- 
ter searches is that the target for the latter can surround 
the former and provide radial self-shielding of gamma 
background (Fig 1 and 3) without needing to utilize a 
large fraction of the enriched 13e Xe, as would be the case 
with a separate vessel. At the same time the position sen- 
sitivity of both the S2 and SI signals, arising from the 
Air QUPID array, identifies the signals originating from 
the central detector, while the outer detector provides a 
control demonstrating the reduction of the same signals 
from the outer detector (or their absence, if depleted in 
136 Xe). 

Fig 14 shows the spectrum of 2v(3{3 and Qvf3(3 events in 
80% enriched 13e Xe, compared with the dominant pho- 
todetector gamma background, reduced in several stages 
(i) by a multiple scattering cut, (ii) by radially shield- 
ing with the external 129 ^ 131 Xe dark matter target, and 
(iii) by vertically self-shielding by sacrificing different 
amounts of vertical height of the target volume (using 
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FIG. 14: Expected energy spectrum of 2v/0v double beta decays, solar neutrinos, and gamma ray backgrounds from QUPID 
(1 mBq per unit) as a function of self-shielding cuts. Here 136 Xe is assumed to be enriched to 80% level. The observed energy 
is smeared out assuming a resolution of a = . 1,5% 
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FIG. 15: (a) Expected number of backgrounds in neutrinoless double beta decay signal range (2479 ± 25 keV) as a function of 
active shielding cut (from the wall) for 10 ton-years (fiducial) of XAX data taking, (b) Expected number of double beta decay 
signals as a function of its lifetime. 
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FIG. 16: Expected energy spectrum of pp solar neutrino signals, and gamma ray backgrounds from QUPID as a function of 
self-shielding cuts. Here 136 Xe is assumed to be depleted to 0.1% level. 



position sensitivity of the SI signal and timing of S2 sig- 
nal). Note that the number of events in the Ou/3/3 signal 
region from the tail of the 2v(3(3 spectrum is negligible. 
The (inner) Qvj3(3 target is assumed to be 80% enriched 
in 136 Xe. 

Fig 15 summarizes the resulting background as a func- 
tion of self-shielding cut (for two levels of QUPID total 
activity) , and event rates for a Qv(3f3 as a function of life- 
time (for both natural and enriched Xe) . The energy res- 
olution at the position of the 2479 keV peak corresponds 
to a FWHM of 50keV (ie. ±1%) from simulations of light 
collection by the Air array of photodetectors (giving ~ 4 
photoelectrons/keV). Such a resolution can be achieved 
by realizing the strong anti-correlation between the SI 
and S2 signals in the detector. By combining the scintil- 
lation and ionization signals, there is a vast reduction in 
fluctuations of the signal compared to using scintillation 
or ionization alone. An energy resolution of 1.7% (a) 
at 662 keV has been demonstrated using this technique 
|24j . and assuming that the resolution is proportional to 
1/y/E we obtain a conservative value of 1% (a) at 2479 
keV. 

Assuming the same reduction of external gamma back- 
grounds and Kr background to a negligible level as dis- 
cussed in §5, it can be concluded that the concentric ge- 
ometry, combined with the ultra-low background of the 
QUPID, can ensure that a 10-event signal, corresponding 
to a 0^/3/3 lifetime of 10 27 years, could be reached with 5 
ton- years running of the enriched target. If an initial trial 
period is performed by natural Xe in the central target 
region, the sensitivity would be a factor of 10 lower (since 



natural Xe contains 8.9% 136 Xe), but nevertheless capa- 
ble of a preliminary detection at the 10 26 -10 27 year level, 
which could subsequently be confirmed and enhanced by 
substitution of a fully enriched target. 



7. DETECTION OF PP SOLAR NEUTRINOS 

Up to the present time, the largest (99%) component 
of the solar neutrino flux, the pp-chain, has not yet been 
measured. The pp neutrino spectrum extends from 260 
keV down to zero, and has already been considered above 
as a possible low energy background to dark matter ex- 
periments, but suppressed to a low level by a factor of 100 
S2/S1 discrimination of the two phase liquid Xe. In case 
of detection of the pp solar neutrinos, however, this sup- 
pression would not be required and its spectrum emerges 
from the dark matter spectrum and becomes a measur- 
able (neutrino-electron scattering) signal in the Xe target 

This would be true also for the Ar target (which has 
the same pp solar neutrino rate per ton) were it not for 
the 39 Ar beta background at a level of 3 x 10 2 /kg/d/keV, 
extending to 570 keV, compared with the pp solar neu- 
trino rate 10~ 5 /kg/d/keV, extending to 260 keV. Thus 
even with significant depletion of the 39 Ar it would still 
swamp the whole of the pp neutrino spectrum. However, 
either the very efficient removal of 39 Ar or the previously- 
mentioned option of using Ne as a dark matter target in 
the second vessel would restore the possibility of using 
this as a second pp solar neutrino target, with the same 
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FIG. 17: Expected number of backgrounds in pp solar neu- 
trino signal range (30-200keV) as a function of active shielding 
cut (from the wall) for 10 ton-years (fiducial) of XAX data 
taking. 



expected rate per kg from electron scattering [jjj. 

The normal two-neutrino double beta decay rates from 
the 8.9% 136 Xe in natural Xe exceed those of the pp solar 
neutrinos above 30 keV. Thus for the outer Xe to be 
used for solar neutrino detection, it is necessary that the 
136 Xe component be depleted by a factor of 100 |2B], [25] , 
This may not represent an additional isotope separation 
requirement, because the enhancement of 13e Xe for the 
inner (0v(3f3) target would produce the depleted natural 
Xe as an automatic by-product. 

Fig 16 compares the absolute rates and energy spectra 
of pp solar neutrinos, two-neutrino double beta decay 
(from Xenon with 136 Xe depleted to 0.1%), and hypo- 
thetical dark matter fluxes (for 100 GeV, 1 TeV, and 10 
TeV mass particles and 10 -8 pb cross section). As in the 
case of the gamma background to the 0^/3/3 decay signal, 
an excellent position resolution from the double-phase 
TPC operation allows us to use the self-shielding by the 
outer detector layers to reduce the gamma background 
to an order of magnitude or more below the pp neutrino 
rates. 

Fig 17 summarizes the results of simulations giving 
the number of gamma background events/10-ton/year, 
in a 30-200 keV window, as a function of distance from 
the outer surface of the target, compared with the pp 
and 7 Be solar neutrino rates jlHj in natural and 136 Xe- 
depleted Xe. Taking the example of a 10 cm self-shielding 



cut and Xe depleted to 0.1% 136 Xe, 4,000 pp events could 
be collected with a 10 ton- year exposure, enabling the pp 
flux to be measured to an accuracy of ±2%. With Ne 
substituted in the Ar vessel, and a 10 ton-year exposure 
in both, the precision could be improved to ±1%. 



8. CONCLUSIONS 

We have studied the capabilities of XAX, a multi-ton, 
three-target detection system capable of achieving new 
levels of sensitivity in the detection and measurement 
of dark matter, ncutrinolcss double beta decay and pp 
solar neutrino signals. The three targets are indepen- 
dent but symbiotic. Two liquid Xe targets, one enriched 
and the other depleted in 136 Xe, are arranged concen- 
trically, allowing the outer 129 / 131 Xe to act both as a 
detector for dark matter and solar neutrinos, while pro- 
viding additional shielding for the detection of neutrino- 
less double beta decay in the inner 136 Xe. A separate 
vessel of similar or larger total size houses a liquid Ar (or 
optionally liquid Ne) target which would provide an ad- 
ditional and confirmatory pp solar neutrino detector, but 
crucially will identify a genuine dark matter WIMP sig- 
nal through the coherent A 2 dependence of a low energy 
cross section, which thus gives an order of magnitude 
larger signal in Xe than in Ar. 

A key feature of the proposed system is the light col- 
lection and position sensitivity achievable by means of a 
47T array of photodetectors, together with the extremely 
low background levels made possible by the QUPID - a 
new all-quartz hybrid avalanche photodiode now under 
development jointly by UCLA and Hamamatsu Photon- 
ics. 

The system includes both zero spin and non-zero spin 
Xe dark matter targets, and by inclusion of Ar (option- 
ally Ne), provides two values of atomic number and nu- 
clear mass for signal identification and, with sufficient 
events, measurement of the WIMP mass. We have shown 
that background levels can be reduced or rejected to 
a level sufficient to identify a dark matter signal at a 
WIMP-nucleon cross section level as low as 10 -11 pb, 
and to measure a dark matter energy spectrum of > 100 
events/year at cross section > 10~ 10 pb, thus covering 
a large fraction of the favored parameter space of super- 
symmetry theory. 

For the 136 Xe, target, we have shown that background 
levels can be reduced sufficiently to reach a Qvj3(3 half 
life sensitivity of ~ 10 27 years if an individual QUPID 
activity of 1 mBq is achieved, and ~ 10 28 years for an 
individual QUPID activity of 0.1 mBq. Thus for the 
first time the vital goal of positive detection of a Majo- 
rana mass level of 0.1 - 0.01 eV, in agreement with the 
mass level suggested by neutrino mixing results, would 
be achievable in XAX. 

With the background reductions necessary for dark 
matter and Qvj3(3 decay, the detection of the pp solar 
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neutrino flux becomes a by-product of the XAX detec- 
tion system, provided that the outer Xe target is depleted 
in 136 Xe to reduce the 2^/3/3 background. However, again 
the gamma background is pivotal, and the position sen- 
sitivity and ultra-low background of the QUPID array 
here plays an essential part, since it allows a software- 
controlled amount of self shielding to be applied to the 
outer 129 / 131 le detector, while the latter independently 
retains its function as a full shield for the inner 136 Xe. 
A similar software position-sensitive control of the self- 
shielding in the Ar or optional Nc target will play a part 
in optimizing dark matter and pp solar neutrino detec- 
tion in that target also. With the foreseeable background 
reduction, we have shown that the dominant pp solar 
neutrino flux can be measured to an accuracy of 1-2%. 

We have shown that three of the most important par- 
ticle physics and astrophysics goals can be achieved in 
XAX, with the component detectors at the 10 ton level. 
Clearly, it is also the case that considerable advances 
in sensitivity can be achieved by a similar configuration 
with component detectors at the one ton level, although 
the difference is more than just the factor of 10 in mass, 
since the self shielding depends on absolute thickness and 
is less effective at lower masses. Thus it is at the 10 ton 
level that the most dramatic advances in detection ca- 
pability become possible, as demonstrated by the results 



shown throughout this paper. 
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